The search for high-strength alloys and precipitation hardened systems has largely been accomplished through Edisonian trial and error experimentation. Here, we present a novel strategy using high-throughput computational approaches to search for promising precipitate/alloy systems. We perform density functional theory (DFT) calculations of an extremely large space of ∼200,000 potential compounds in search of effective strengthening precipitates for a variety of different alloy matrices, e.g., Fe, Al, Mg, Ni, Co, and Ti. Our search strategy involves screening phases that are likely to produce coherent precipitates (based on small lattice mismatch) and are composed of relatively common alloying elements. When combined with the Open Quantum Materials Database (OQMD), we can computationally screen for precipitates that either have a stable two-phase equilibrium with the host matrix, or are likely to precipitate as metastable phases. Our search produces (for the structure types considered) nearly all currently known high-strength precipitates in a variety of fcc, bcc, and hcp matrices, thus giving us confidence in the strategy. In addition, we predict a number of new, currently-unknown precipitate systems that should be explored experimentally as promising high-strength alloy chemistries.
Introduction
Age hardening is one of the most common approaches utilized to increase the yield strength and hardness of many pure metals and alloys. This hardening is accomplished by dissolving small amounts of solute elements in the host material at elevated temperatures, followed by quenching, and aging, to allow precipitates to form from the super-saturated solid solution. The small-sized, uniformly dispersed particles of the precipitate phase within the host lattice impede the motion of dislocations, resulting in significant increases in yield strength. [1] The two main mechanisms of such strengthening are (i) dispersion hardening, due to increase in the applied stress required for a dislocation to cut through, or bow around, dispersed precipitate particles, and (ii) coherency strain hardening, due to the interaction between dislocations and the strain fields surrounding coherent precipitates. Thus, finding candidate strengtheners for a variety of alloy systems that are likely to form coherent precipitates with their respective host lattices is necessary to develop stronger structural materials for various technological applications.
There is a host of scientifically and technologically important alloy systems that employ precipitation hardening. Some examples include Al-Li, [2] [3] [4] Al-Sc, [5, 6] and Al-Cu [7, 8] , maraging [9, 10] and some stainless steels, [11] nickel- [12] [13] [14] [15] [16] and cobalt-based [17, 18] superalloys, as well as Mg-RE [19, 20] alloys. The search for, and development of, these precipitate/alloy systems have so far been largely by experimental trial and error because a systematic search for precipitate strengtheners for a wide variety of solutes and alloys is prohibitive. Indeed, searching for suitable binary and ternary compounds alone, using brute force experimentation, would entail synthesis, processing, and characterization of hundreds of thousands of materials making it nearly infeasible.
In order to overcome this challenge of combinatorial scaling, we have developed a novel high-throughput (HT) computational approach that can significantly reduce the amount of experimental effort required to discover new alloy materials. Our approach involves using calculations based on density functional theory [21, 22] (DFT) of a large number of potential precipitate compounds. DFT has previously been used to successfully analyze the structure and thermodynamics of known precipitates. In particular, extensive calculations have been performed to study the various phases involved in the aging process of many alloy systems, e.g, Al-Si-Cu, [23] [24] [25] Al-Sc-Li, [26] Co- [27] and Ni-based [28] superalloys, and Mg-RE [29] . Because many of these precipitates are metastable at ambient conditions, they are difficult to characterize experimentally, and DFT is a particularly effective tool for studying them. [23] In order to analyze the thermodynamic stability of the calculated phases, we employ a large HT DFT database of thermodynamic data. Such databases have become possible only in the last few years [30] [31] [32] , and have now been used to search for materials for a variety of applications -battery anodes, [33] cathodes, [34] [35] [36] electrolytes, [37] cathode coatings, [38] thermochemical water-splitting, [39] superconductors, [40] piezoelectrics, [41] transparent conducting oxides, [42] and scintillators. [43] So far, efforts to implement high-throughput computational materials screening for structural applications have been comparatively limited in scope. Among the most ambitious of such studies are a high-throughput structure discovery for 34 binary magnesium-X systems, [44] and evaluation of the stability of 140 complex precipitate phases, the so-called Long-Period Stacking Ordered structures. [45] In this work, we utilize the Open Quantum Materials Database (OQMD) to evaluate the suitability of a large space of precipitate compounds -in the L1 2 , D0 19 , and L2 1 structures -in several host matrices -three fcc metals (Al, Ni, and Co), two hcp metals (Mg and α-Ti) and two bcc metals (Fe and β-Ti). In the following sections we give a brief overview of the compounds we considered as candidate precipitates for each lattice. The objective of this work is to identify compounds which are likely to form coherent precipitates within a host lattice, with a secondary objective of being composed of relatively cheap and abundant materials.
Candidate Alloy/Precipitate Systems

FCC Metals: L1 2 (X 3 Y) Strengthening Precipitates
Many fcc metals are strengthened by the formation of L1 2 precipitates. For example, in aluminum, Al 3 Li [2] [3] [4] and Al 3 Sc [5, 6] are known to form L1 2 precipitates, and both yield significant increases in strength. Additionally, in nickel and cobalt based superalloys, it is the formation of coherent, cubic L1 2 precipitates that leads to the observed high-temperature yield strength. Due to the prominence of this precipitate structure in strengthening fcc metals, we choose to search for additional compounds with the L1 2 structure. L1 2 , shown in Figure 1 , has the composition X 3 Y, and is a substitutional superstructure, or a decoration, of the fcc lattice. The common prototype for this structure is Cu 3 Au, and it belongs to spacegroup Pm3m.
HCP Metals: D0 19 (X 3 Y) Strengthening Precipitates
Various D0 19 precipitates are commonly used to strengthen hcp metals and alloys. For example, alloying magnesium with rare earths (REs) leads to the formation of D0 19 precipitates, which are particularly effective for strengthening as they form prismatic plates in the hcp lattice [20] . By cutting through the basal plane of the host matrix, these precipitates inhibit basal slip resulting in significant increases in yield strength. It is known that these precipitates are metastable, [29] and D0 19 appears as a step in the aging reaction of some RE rich magnesium alloys.
Another well-studied hcp structural metal is α-Ti. There are two categories of α-Ti alloys: alpha and near-alpha. Alpha alloys contain only very small amounts of alpha-stabilizers (Zr, Sn, Al, and O), and exist as single-phase alloys. Near-alpha alloys, on the other hand, typically contain large amounts of alpha-stabilizers (often along with small amounts of betastabilizers), and strengthen the alloy by the formation of beta and a so-called alpha-prime phase, which is a distorted hcp titanium. [46] There are, however, examples of intermetallic precipitate formation in α-Ti in Ti-Al [47] and Ti-Si [48] alloys. The precipitates in these systems are Ti 3 Al (in the D0 19 structure) and Ti 3 Si (in the Ti 3 P structure). Although Ti 3 Si is found in the Ti 3 P structure and not D0 19 , these structures have similar local environments, and as a result the difference in energy between Ti 3 Si in D0 19 and Ti 3 P structures is quite small -our DFT calculations show it to be only 18 meV/atom.
From these results, we believe that searching for compounds in the D0 19 structure will provide a good first screen for precipitates in both α-Ti and Mg. D0 19 , shown in Figure 1 , has the composition X 3 Y, and is a substitutional superstructure, or decoration, of the hcp lattice. As in the L1 2 structure, every atom of the minority element Y in the D0 19 structure is completely coordinated by element X. The traditional prototype for this structure is Ni 3 Sn. Like hcp itself, D0 19 belongs to spacegroup P6 3 /mmc. [53, 54] It seems that the possibility of using Heusler phase precipitates to strengthen bcc based lattices is underexplored. This may be due to the inherently large number of ternary phase spaces to explore, i.e., while there are only ∼10 2 binary phase diagrams to consider when searching for binary precipitation strengthening compounds, there are ∼10 5 ternary compositions to consider when looking for Heusler phase precipitation strengtheners. L2 1 Heusler phase compounds have a composition of X 2 YZ, and the traditional prototype is Cu 2 MnAl, belonging to spacegroup Fm3m. The L2 1 structure, shown in Figure 1 is a superstructure of the bcc lattice, and can be thought of as 4 interpenetrating fcc lattices, arranged in an X-Y-X-Z order along the [111] direction.
Methods
Density Functional Theory
The DFT calculations reported in this work were performed as a part of the Open Quantum Materials Database (OQMD). The OQMD is a high-throughput DFT database we have developed, details of which are discussed elsewhere, [32, 55] but we provide an overview here. The database itself contains over 300,000 compounds which have been evaluated with DFT. Roughly 30,000 of the structures for these compounds were obtained from the Inorganic Crystal Structure Database, with the remaining 270,000 combinatorially constructed from common crystal structures (as in the present work). All calculations were performed using the Vienna Ab-initio Simulation Package (VASP), [56] [57] [58] [59] at a plane wave cutoff of 520 eV using projector augmented wave (PAW) potentials, with the exchange-correlation energy functional approximated using a generalized gradient approximation (GGA) as parameterized by Perdew, Burke and Ernzerhof. [60] [61] [62] The k-point mesh was constructed such that N atoms × N kpoints ≈ 8, 000 in a gamma-centered mesh in the Brillouin zone. All structures were fully relaxed with respect to volume and all cell-internal degrees of freedom until forces on all atoms were within a few meV/Å and stresses were within a few kbar. Any species with a partially filled d -shell was given an initial magnetic moment of 5µ b in a ferromagnetic spin configuration and then allowed to electronically relax to self-consistency.
To ensure that we find every relevant L1 2 , D0 19 and L2 1 compound, we performed highthroughput calculations of a wide selection of elements on each of these lattices. For the L2 1 structure, we calculated every one of 186,588 compounds that can be constructed from the following list of 73 elements: Ac, Ag, Al, As, Au, B, Ba, Be, Bi, Ca, Cd, Ce, Co, Cr, Cs, Cu, Dy, Er, Eu, Fe, Ga, Gd, Ge, Hf, Hg, Ho, In, Ir, K, La, Li, Lu, Mg, Mn, Mo, Na, Nb, Nd, Ni, Np, Os, Pa, Pb, Pd, Pm, Pr, Pt, Pu, Rb, Re, Rh, Ru, Sb, Sc, Si, Sm, Sn, Sr, Ta, Tb, Tc, Te, Th, Ti, Tl, Tm, U, V, W, Y, Yb, Zn, Zr. For the D0 19 and L1 2 structures, we additionally included Br, C, Cl, F, I, N, O, P, S, and Se (that is, all elements for which VASP PAW potentials are available except H and noble gases), resulting in 6,972 compounds each. Thus, by automating calculations using the qmpy package, [32] we performed calculations on 200,532 different candidate precipitate compounds in total.
For each alloy system considered in this study, we construct the so-called convex hull by plotting the DFT-calculated formation energies of all the compounds in the OQMD in that phase space, against their composition. The convex hull is then defined as the envelope connecting the lowest energy compounds at every composition in the phase space. The phases present on the convex hull are, by definition, stable at T =0 K (called ground states), as they are lower in energy than any other combination of compounds in that phase space. By extension, all phases above the convex hull are unstable and will decompose into a combination of competing ground states. Indeed, the quality of a convex hull constructed as above depends on the number of compounds whose energy is known, and thus improves with the addition of new phases to the phase space. This underscores the significance of large comprehensive databases like the OQMD, which contain calculations of hundreds of thousands of experimentally known compounds and other prototypes, and our own extensive combinatorial search space of more than 200,000 compounds in constructing reliable convex hulls.
Compound descriptors
In order to screen for the best candidate compounds we must first determine what characteristics to search for. We consider a good precipitate strengthener to be one which is stable or nearly stable as a coherent precipitate in the host matrix, forms a two-phase equilibrium with the host metal, and which is composed of relatively cheap and abundant elements. In order to identify compounds that exhibit these properties, we define four compound descriptors.
Stability:
First, the precipitate phase must be stable or nearly stable as a bulk phase. We evaluate the stability of a structure using the distance from the ground state convex hull, which we denote by ∆H stab , and which is given by:
5 where E i is the formation energy of phase i and E i hull is defined as the energy of the convex hull at the composition of phase i. Therefore, by definition, stable phases have a ∆H stab = 0. In this study, unless otherwise stated, we exclude all phases which we calculate to have a ∆H stab 25 meV/atom as compounds that are stable or within ∼25 meV/atom of the convex hull ("nearly stable") are more likely to form as precipitates. That this work is being done in the framework of the OQMD, which includes calculations of close to roughly 30,000 other experimentally observed compounds, enables us to have a high degree of confidence in our assessment of the stability of these hypothetical phases.
Coherency:
Second, the precipitate phase must have relatively small lattice mismatch with the host matrix. We use the lattice mismatch and the stability of the compound as measures of the likelihood of the compound to form as a coherent precipitate within the host matrix. The lattice mismatch, ∆a (and ∆c for D0 19 structures), is the difference inÅ between the lattice parameter of a specified host matrix and the precipitate compound. Compounds with small lattice mismatch compared to a host matrix can form coherent precipitates with much smaller strain penalties, and so will be much more likely to form. In this study we exclude compounds where the relative lattice mismatch ∆a/a host (and ∆c/c host for D0 19 precipitates) is greater than 10%.
Cost:
Third, as a rough measure of the cost and abundance of the constituent elements of a compound, we use the Herfindahl-Hirschman Index (HHI) of each element, as tabulated by Gaultois et al. [63] The HHI is a measure of the availability of a commodity in financial markets, and contains information about the amount of a product produced, as well as the number of producers. Gaultois et al. calculated an HHI p based on annual production and HHI r , based on known reserves. Throughout this work, we utilize the HHI p values. A low HHI score indicates that the element is easily available, and a high score indicates that the element may be very difficult to obtain. In this scheme, elements like neodymium have relatively high crustal abundance, but score very high on the HHI. To assign an HHI score to a compound, rather than an element, we consider the HHI of the least available element. That is, we use the approximation that the least available element is the limiting factor for the production of the compound, and use its availability as a surrogate for that of the entire compound. We do not remove any compounds for their HHI score, however we do require that all elements in the structure have an HHI score, which excludes all elements which have negligible industrial application. Because the relative importance of cost/availability to performance depends strongly on application, we only include this information for the benefit of the reader.
Two-phase equilibrium with the host:
Finally, we add an additional thermodynamic constraint, that the precipitate phase exist in thermodynamic equilibrium with the host lattice. Even if the precipitate phase is stable, if it is not in equilibrium with the host matrix, the precipitate phase is screened out. As with ∆H stab , we take advantage of the fact that we have knowledge of the entire convex hull, from the OQMD, to screen for compounds which we predict to be in thermodynamic equilibrium with the host matrix. This equilibrium is tested by finding the convex hull around the compound and the host matrix, and checking for the existence of a tie line between the two. This test is illustrated for two examples in Figures 2(a) and 2(b) for the case of two stable Heusler phases which are (and are not) in equilibrium with iron, respectively. Further, many currently known precipitates are not stable, so simply testing for stability is not sufficient for finding good precipitate strengtheners. Therefore, we apply another screen to compounds that are not stable. We test to see which of the metastable phases are unstable with respect to the host lattice. That is, if the metastable precipitate phase decomposed into the equilibrium phases, would the host metal be one of the equilibrium phases? The precipitate phase is accepted only if it is nearly stable (see Section 3.2.1) and decomposes into the desired host lattice, and is rejected otherwise. We illustrate this distinction in Figures 3(a) and 3(b) . Taken together with the previous thermodynamic screen, every phase must either be predicted to be in thermodynamic equilibrium with, or predicted to decompose into, the host matrix.
Note, however, that the descriptors used in this screen represent a good starting point for identifying new precipitation strengtheners. The materials selected by these screens are entirely determined by T =0 K bulk thermodynamic properties, which means that important properties such as microstructure evolution or solubility are not considered. In order to address additional considerations, more extensive theoretical evaluations could be pursued by calculating solubilities, interfacial energies, coherency strains, elastic constants, antiphase boundaries and phonons -these additional calculations represent next steps in the materials design process.
Results
We have performed DFT calculations of ∼200,000 hypothetical compounds, and for each compound we also assess its stability with respect to all possible combinations of phases in the OQMD. In the course of this study, we identified many new compounds which are predicted to be stable, relative to the existing OQMD ground state compounds. The number of compounds in each structure (L1 2 , D0 19 , L2 1 ) that are, and are not, present in the ICSD is shown in Table 1 . Also tabulated are the number of compounds which we predict to be stable, nearly stable, and unstable (see Section 3.2.1 for a discussion of the classification based on stability).
We can use Table 1 to evaluate the reliability of phase stability predictions in the OQMD. The majority of compounds in the ICSD are predicted to be stable or nearly stable, with significantly fewer being unstable. We believe this result is reasonable because not all phases that are synthesized experimentally are stable at 0 K -whether they are high temperature phases, high pressure phases, metastable phases that occur during aging, or some other effect, there are many compounds that are found in nature, but are not the 0 K ground state structure. As a result, many of the compounds in the ICSD are metastable, but there is a minority of truly unstable structures. For all three structure types (L1 2 , D0 19 , L2 1 ), ∼26%-29% of structures in the ICSD are predicted to be more than ∼50 meV/atom above the convex hull.
Of more interest are the number of previously unknown (not in the ICSD), predicted stable compounds we have discovered, also given in Table 1 . Of these, we find 2,444 to be stable, and 3,439 to be nearly stable compounds. Such a large number of new predictions offer many new opportunities for experimental exploration. The large majority of compositions for which we appear to have discovered a new compound contain one or more lanthanides or actinides. This is unsurprising as binary and ternary spaces for these species are not well explored and thus our convex hull constructions for these systems are likely less reliable. For the purposes of this study we consider these compounds to be stable, but a more accurate determination of the ground state phases in these binaries and ternaries should be undertaken. In the following sections we summarize our findings for each alloy/precipitate system considered. We note that the entire dataset used to search for precipitates in this work is accessible to the materials community at www.oqmd.org.
FCC-L1 2
In our search for new L1 2 precipitates, we calculated 6,972 X 3 Y compounds in the L1 2 structure. In Figure 4 we show a so-called heat map of the number of occurrences of each element on each site for all stable and nearly stable L1 2 compounds. The upper left corner of each element indicates the number of times that element is the majority species while the lower right corner indicates the number of times that element is the minority species. From Figure 4 , it is clear that the L1 2 structure is favored by late transition metals, post-transition 9 metals and rare earths. In particular Rh, Ir, Pd, Pt, In, Tl, Sn and Pb are very commonly competitive on the X-site of the L1 2 structure, and the rare earths are very stable on the Y-site. Figure 4 : Predicted stability map of 6,972 X 3 Y compunds in the L1 2 structure. We plot the frequency with which each element appears in a stable or nearly stable (see Section 3.2.1 for details) L1 2 compound both as the majority species (upper left corner of each square) and as the minority species (lower right corner of each square). Elements which commonly appear on a given site are colored red, while those that rarely or never appear are colored blue.
Nickel/L1 2 systems
Nickel superalloys have been studied extensively, so these systems present an opportunity to evaluate the ability of our screens to predict already known γ−γ precipitate strengtheners. In Table 2 we list all of the L1 2 compounds with less than 5% lattice mismatch with Ni, and which we predict to be in stable equilibrium with fcc nickel or which satisfy the metastability criterion of Section 3.2.4. From these screens, we predict candidate Ni 3 X compounds with alloying elements X = Al, Mn, Fe, Si, Ge, Ga, and Ti to form as strengthening precipitates. The precipitates listed in Table 2 contain many of the best known γ − γ strengtheners in Ni: Al, [64] [65] [66] Si (the primary alloying element in Inconel), [65] [66] [67] Ge, [65, 66] and Ga. [65, 66] Each of these elements has been shown to form stable L1 2 precipitates, and have been found to be effective precipitate strengtheners. The fact that our screening strategy reproduces four of the most important Ni-based γ − γ systems is strong evidence that the methods employed in our approach are able to effectively identify promising precipitates. Present in Table 2 , but which are not generally considered effective precipitate strengtheners in Ni are Ni 3 Mn and Ni 3 Fe. These metals are known to disorder in Ni at very low temperatures, and so high temperature strengthening effects are considered unlikely. [66] Only one metastable L1 2 is predicted from our screens, Ni 3 Ti. In addition to the important role of Ti in Ni 3 (Ti,Al) superalloys, [68] Ni 3 Ti is also an important precipitate in maraging steels [69] . Note that Ni 3 Ti does not exist as L1 2 , and instead forms in the hexagonal D0 24 structure. However, the L1 2 structure is energetically very competitive, which may explain the extremely large solubility of Ti in Ni 3 Al [66] . We can see from this example that although our search is restricted to only L1 2 compounds, we are able to use the relative stability of L1 2 compared with the true ground state structure to understand how the alloying element may interact with another stable precipitate former.
We find that there is exceptionally good agreement between the experimentally known precipitate strengtheners and the compounds which our screening approach recommends. While our approach does not provide any predictions of unknown precipitate strengtheners in Ni, from this agreement, we can conclude that the properties that we use as the basis for our screens were chosen appropriately, and that the precipitate compounds and alloying elements predicted in the following alloy systems should be considered strong candidates for experimental exploration.
Cobalt/L1 2 systems
The Co 3 X superalloys contain precipitates such as Co 3 (Al,W), which involve mixing of two elements on a sublattice of the L1 2 structure. The discovery of an L1 2 Co 3 (Al,W) precipitate phase is particularly interesting since neither Co 3 Al nor Co 3 W is stable in the L1 2 structure. [27] Because we know that Co-based L1 2 alloys can be formed from mixtures of binary L1 2 compounds which are as much as 100 meV/atom above the convex hull, we raise the stability threshold from 25 meV/atom to 100 meV/atom in this subsection. In Table 3 we list all of the L1 2 compounds with less than 5% lattice mismatch with Co, and which we predict to be in stable equilibrium with fcc cobalt or which satisfy the metastability criterion of Section 3.2.4. From these screens we predict candidate Co 3 X precipitate compounds with alloying elements X = Ti, V, Ta, W, Pt, Ge, Ga, Si, and Nb, in addition to candidate Ni 3 X precipitates compounds with alloying elements X = Al, Mn, Fe, Si, Ge, and Ga. We also note that combinations of these alloying elements are also promising candidates for forming ternary L1 2 phases, e.g., Co 3 (Al,W). Table 3 : List of predicted L1 2 precipitate compounds for fcc Co alloy systems that (i) are stable or nearly stable, (ii) have a lattice mismatch of < 5% with respect to fcc Co, and (iii) are in stable equilibrium with Co (or satisfy the metastability criterion of Section 3.2.4). For each precipitate we report the 0 K enthalpy of formation (∆H), the distance from the convex hull (∆H stab ), the highest HHI score of all constituent elements (lower is better), lattice mismatch as a percent mismatch with fcc Co (∆a/a Co ) and whether or not the compound appears in the ICSD. The stable predicted phases in Table 3 are all known experimentally. We note that Table 3 contains all of the stable Ni 3 X precipitate strengtheners selected in Section 4.1.1. These phases are all predicted to exist in stable equilibrium with Co because there are no stable Co-Ni or Co-Ni-X compounds. This prediction is supported by experimental evidence: adding Ni to Co-based superalloys enhances the stability of the L1 2 precipitates, and results in significant increases in the liquidus and solidus. [70] In addition to stable compounds, in Table 3 we also report several metastable L1 2 phases, many of which cannot be found in the ICSD. The elements which we predict to form energetically competitive L1 2 compounds are largely the same subset of elements that form stable L1 2 compounds with Ni. Si, Ga, Ge, Pt, W, Nb and Ta are all predicted to form metastable L1 2 compounds. The most stable of these, only 9 meV/atom above the convex hull, is Co 3 Ta, which can be found in the ICSD.
Aluminum/L1 2 systems
In Table 4 we list all of the L1 2 compounds with less than 5% lattice mismatch with Al, and which we predict to be in stable equilibrium with aluminum or which satisfy the metastability criterion of Section 3.2.4. From these screens we predict the following candidate Al 3 X precipitate compounds with alloying elements X = Li, Sc, Lu, Tm, Er, Ho, Dy, and Y, as well as Ga 3 X precipitate compounds with alloying elements X = Sc, Li, Er, and Tm. [5, 6] . We also predict that several Ga 3 X compounds are stable, and in equilibrium with Al. Given the chemical similarity between Al and Ga, it is unsurprising that Ga 3 Li and Ga 3 Sc are stable. Due to the slightly larger size of Ga, these compounds also introduce a slightly larger lattice mismatch with Al compared with Al 3 Li and Al 3 Sc. Ga is a well known embrittler of Al, but our screening strategy did not consider properties such as ductility, and therefore the prediction of candidate Ga 3 X precipitate compounds is not unexpected.
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In sharp contrast to the Ni 3 X and Co 3 X compounds, among metastable Al 3 X compounds are several rare earths (Y, Lu, Er, Ho, Tm, and Dy). The stability of Al 3 Sc and Al 3 Lu compared with the remaining metastable rare earth compounds suggests that stability in these systems is dictated by size effects -Sc and Lu have a smaller radius than any of the metastable Al 3 RE compounds. Further support of this can be seen in the fact that Ga 3 Er and Ga 3 Tm are stable compounds, suggesting that the larger radius of Ga can tolerate larger rare earth elements. Our findings are well supported by previous experimental, [71, 72] and theoretical [73] studies that predict several of these Al 3 RE compounds to be stable.
HCP-D0 19
In our search for new D0 19 precipitates, we calculated a total of 6,972 compounds in the D0 19 structure. In Figure 5 we show a heat map of the number of occurrences of each element on each site for all stable and nearly stable D0 19 compounds. The upper left corner of each box indicates the number of times that element is the majority species while the lower right corner indicates the number of times that element is the minority species. From Figure 5 , we observe that the most prominent compositions for D0 19 are Mg 3 X, Al 3 X, Ga 3 X and Hg 3 X and X 3 In, X 3 Al, X 3 Y (Y = Yttrium) and X 3 Lu. Interestingly, there are several elements that are very stable on both sites: Al, Y, Lu, and heavy rare-earths, and some that have a strong preference for one site over the other: Mg, Pm, Ga, In, and late transition metals. Figure 5 : Predicted stability map of 6,972 X 3 Y compunds in the D0 19 structure. We plot the frequency with which each element appears in a stable or nearly stable D0 19 compound both as the majority species (upper left corner of each square) and as the minority species (lower right corner of each square). Elements which commonly appear on a given site are colored red, while those which rarely or never appear are colored blue.
Magnesium/D0 19 systems
In Table 5 we list all the predicted D0 19 compounds with less than 10% lattice mismatch with Mg in both a and c lattice parameters, and which we predict to be in stable equilibrium with hcp magnesium or which satisfy the metastability criterion of Section 3.2.4. From these screens we predict candidate Mg 3 X precipitate compounds with alloying elements X = Ag, Cd, Sc, In, Hg, Gd, Zn, Pb, Pm, Ga, Sn, Ca, Pd, Rh, and Au, as well as Ti 3 X precipitate compounds with alloying elements X = Pb, and In. This list suggests that D0 19 compounds which contain very late transition metals and post-transition metals are favorable alloying elements for Mg. Table 5 : List of predicted D0 19 precipitate compounds for hcp Mg that (i) are stable or nearly stable, (ii) have a lattice mismatch of < 10% with respect to hcp Mg, and (iii) are in stable equilibrium with the Mg matrix (or satisfy the metastability criterion of Section 3.2.4). For each precipitate we report the 0 K enthalpy of formation (∆H), the distance from the convex hull (∆H stab ), the highest HHI score of all constituent elements (lower is better), lattice mismatch as a percent mismatch with hcp Mg (∆a/a M g and ∆c/c M g ) and whether or not the compound appears in the ICSD. 19 precipitates has recently been undertaken, [29] which takes the same set of nearly stable Mg 3 X D0 19 compounds and applies several other screens: stability on the hcp lattice, elemental solubility in Mg and coherency strain which favors the formation of prismatic plates. It is found [29] that the non-rare-earth elements from this list of recommendations are unlikely to produce favorable strengthening behavior. However, since this previous study only considered Mg 3 X precipitates, and not more general X 3 Y D0 19 compounds, it therefore did not anticipate the possibility of Ti 3 X precipitate strengtheners for hcp Mg. The Mg-Ti system exhibits complete phase separation, and has no intermetallic compounds, which allows some Ti-X compounds to exist in thermodynamic equilibrium with Mg.
Compound
α-Titanium/D0 19 systems
In Table 6 we list all the predicted D0 19 compounds with less than 10% lattice mismatch with Ti in both a and c lattice parameters, and which we predict to be in stable equilibrium with hcp titanium or which satisfy the metastability constraint of Section 3.2.4. From these screens we predict candidate Ti 3 X precipitate compounds with alloying elements X = Al, Pb, In, Bi, Sn, Ga, Zn, Ge, Si, and Sb, as well as Mg 3 X precipitate compounds with alloying elements X = Ag, Cd. The list of predicted alloying elements for α-Ti closely resembles that of predicted precipitates for Mg. Like Mg, it also primarily consists of late transition metals and post-transition metals. We also predict that two Mg 3 X D0 19 compounds will exist in equilibrium with Ti. Table 6 : List of predicted D0 19 precipitate compounds for hcp Ti that (i) are stable or nearly stable, (ii) have a lattice mismatch of < 10% with respect to hcp Ti, and (iii) are in stable equilibrium with the Ti matrix (or satisfy the metastability constraint of Section 3.2.4). For each precipitate we report the 0 K enthalpy of formation (∆H), the distance from the convex hull (∆H stab ), the highest HHI score of all constituent elements (lower is better), lattice mismatch as a percent mismatch with hcp Ti (∆a/a T i and ∆c/c T i ) and whether or not the compound appears in the ICSD. Based on the predicted alloying elements in Table 6 , we are able to reproduce several well known precipitates for strengthening α-Ti based alloys: Ti 3 X, where X = Al, Ga, In, Sn and Pd. [74] The good agreement between experimentally known precipitate formers and our predicted compounds is strong validation that any compounds which we predict are worthy of further investigation. In order to ensure that it is possible to form these precipitates in α-Ti, we also select for those additives that are known to promote the formation of α-Ti. Known α stabilizers include Al, Sn, Zr and O while known β stabilizers include Mo, V, W, Ta, Cr, Ni, Co, and Fe. [46] Comparing the list of α stabilizers with the additives which we predict to form D0 19 precipitates, we find a prevalence of metals from groups 13, 14 and 15 (boron, carbon and nitrogen family, respectively) among both known α stabilizers and the predicted precipitate strengtheners, which suggests a compatibility between the objectives of stabilizing the hcp lattice and the formation of an hcp precipitate.
In order to further refine our recommendations for improving age hardening in Ti alloys, we utilize a concept from Issa et al. [29] : we expect that precipitates with a smaller |δc| than |δa| will be more likely to form prismatic plates, and are consequently better for increasing the strength of hcp metals. For this reason, we expect that among the predicted precipitation strengthening compounds in Table 6 , Ti 3 X compounds, with alloying elements X = Al, Ga, Zn and Ge, are most likely to be effective precipitation strengtheners in hcp Ti.
BCC-L2 1 (Heusler)
In our search for new L2 1 Heusler-phase precipitates, we calculated 186,588 compounds in the L2 1 X 2 YZ structure. In Figure 6 we show a heat map of the number of occurrences of each element on each site for all stable and nearly stable L2 1 compounds. The upper left corner of each box indicates the number of times that element is the majority species X while the upper right and lower regions indicate how often an element occurs on the Y and Z sites respectively. Because the Y and Z site in the Heusler structure are symmetrically equivalent, a distinction is made between the two by comparing the electronegativities of the elements and placing the more electropositive element on the Y site, and the more electronegative element on the Z site. We compare the trends observed in Figure 6 with the guidelines expressed by Graf et al., [75] for each site. For the X site, which is the majority species, Graf shows groups 9, 10 and 11, plus Li, Mg, Mn, Fe, Ru and Cd as possible X site metals. We find that our screen predicts all of these elements to appear frequently on the X site. In addition, we augment the list with several post-transition metals including Hg, In, and Tl, as well as the other alkali earths (Ca, Sr and Ba). Graf shows that early transition metals, rare-earths, all 3d transition metals except Cu, and Li and Be, appear most frequently on the Y site. We agree almost precisely with this list, with the only amendment being that we predict a significant number of stable Heuslers with Ca on the Y site. Finally, the guidelines from Graf expect the Z site to be most frequently composed of group 13, 14 and 15 elements plus Mg and Zn. While we do find that the group 13, 14 and 15 elements are frequently stable, we also predict that a significant number of Heuslers exist with 4d and 5d metals on the Z site. It is on the Z site where we show the largest discrepancy with the experimentally known Heuslers described by Graf, but overall we find a very strong agreement in the expected trends of site-occupancy. Figure 6 : Predicted stability map of 186,588 X 2 YZ Heusler phase compunds in the L2 1 structure. We plot the frequency with which each element appears in a nearly stable L2 1 on the X site (upper left of each square), the Y site (upper right of each square) and the Z site (lower portion of each square). Atoms are assigned to Y and Z sites based on which species has a lower electronegativity -the more electronegative element is assigned to the Z site. Elements which commonly appear on a given site are colored red, while those which rarely or never appear are colored blue.
β-Titanium/L2 1 systems
In Table 7 we list all the L2 1 compounds with less than 5% lattice mismatch with bcc Ti, and which we predict to be in stable equilibrium with bcc titanium or which satisfy the metastability criterion of Section 3.2.4. Because the pool of candidate materials, 186,588 L2 1 compounds is so large, we introduce an additional constraint that the largest HHI value for any element in a compound be at most 6000. Larger values of HHI indicate elements which are less available, and thus constraining this quantity to less than 6000 excludes rare earths, many 5d metals, and other expensive elements. After removing all precipitates which contain elements with an HHI value greater than 6000, the remaining pool of Heusler phase compounds consists predominantly of Mg 2 YZ and Sc 2 YZ compounds, where Y is most commonly Li and Z is typically a heavy metal like Au, Rh or Cd. Interestingly, in contrast to the other precipitates discussed in previous sections, only one of the recommended precipitates contains the host matrix as the majority species, specifically, Ti 2 MoOs. While there are many other Heuslers which do contain Ti as the majority species, these have a lattice mismatch larger than 5%, thus making them unsuitable as precipitation strengtheners for β-Ti. Table 7 : List of predicted L2 1 precipitate compounds for bcc Ti that (i) are stable or nearly stable, (ii) have a lattice mismatch of < 5% with respect to bcc Ti, and (iii) are in stable equilibrium with the Ti matrix (or satisfy the metastability constraint of Section 3.2.4). For each precipitate we report the 0 K enthalpy of formation (∆H), the distance from the convex hull (∆H stab ), the highest HHI score of all constituent elements (lower is better), lattice mismatch as a percent mismatch with bcc Ti (∆a/a T i ) and whether or not the compound appears in the ICSD. Since β-Ti can only be produced by the inclusion of high levels of β stabilizers, we predict that L1 2 compounds which contain these elements are most likely to be useful precipitates for strengthening bcc titanium. Known α stabilizers include Al, Sn, Zr and O while known β stabilizers include Mo, V, W, Ta, Cr, Ni, Co, and Fe. [46] There is no overlap among the elements which are known to be β stabilizers and those contained by the stable compounds selected by our screens. Furthermore, the compounds predicted by the screen uniformly contain at least one expensive element; Sc, Cd, Ag, Au, Rh or Os. However, the only metastable compound which we predict to be unstable with respect to Ti is Mo 2 TaTi. Mo and Ta are known to be effective β stabilizers, and every element in this compound has an HHI of 2400 or less. As a result, we can suggest a wide range of elements for further scientific exploration, to study the possibility of L2 1 precipitate strengthening in bcc Ti, and one in particular that we believe to be of potential practical use: Mo 2 TaTi.
bcc-Iron/L2 1 systems
In Table 8 we list all the predicted L2 1 compounds with less than 5% lattice mismatch with Fe, and which we predict to be in stable equilibrium with bcc iron or which satisfy the metastability criterion of Section 3.2.4. Because the pool of candidate materials, 186,588 L2 1 compounds, is so large, we introduce an additional constraint that the largest HHI value for any element in a compound be at most 6000. For a discussion of the implications of this screen, refer to Section 4.3.1. After removing all precipitates which contain elements with an HHI value greater than 6000, the set of Heusler phase compounds has a wide range of candidate materials consisting of various X 2 YZ (X = various 3d metals, Y = Li or a 3d metal, and Z = group 13 or 14 elements or a mid-series transition metal). As in the case of β-Ti, there are very few selected compounds which contain Fe as the majority species, only Fe 2 TiSi, Fe 2 TiGe, and Fe 2 TaGa. Among the precipitate compounds predicted by our screen, most are not found in the ICSD. It is likely that this is due to the limited number of ternary compounds which are included in the ICSD. For example, in the course of this study we evaluated ∼180,000 compounds in ∼60,000 ternary X-Y-Z systems. The OQMD contains ∼30,000 ICSD structures, which therefore cannot possibly contain many competing ternary compounds for every ternary system. Bearing this consideration in mind, we have still produced a substantial list of 31 candidates for closer consideration. The compound which consists of the most commonly available elements (by HHI) is Fe 2 TaAl, and the compound with the smallest lattice mismatch with bcc Fe is Mn 2 VSi. Thus, in addition to new strengthening precipitates, our high-throughput search has predicted a large number of new, currently-unknown, stable L2 1 compounds. We will report in more detail on these predicted compounds in future publications [32, 76] .
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Conclusions
We use DFT to explore an extremely large phase space of ∼200,000 compounds in the L1 2 , D0 19 and L2 1 structures in a high-throughput fashion, and screen for good precipitate strengthening candidates for a variety of fcc (Ni, Co and Al), hcp (Mg and α-Ti) and bcc (β-Ti and Fe) alloy systems. We evaluate the thermodynamic stability of every compound using the computed thermochemical data of ∼30,000 experimentally known compounds in the OQMD, in addition to the ∼200,000 prototype structures we calculated in this work. We also compute the lattice mismatch of every precipitate compound with respect to its host lattice, and use it as a proxy for the likeliness of the compound to form coherent precipitates with the host matrix. Our screening technique involves selecting the candidate compounds that are either in stable equilibrium with, or are nearly stable and are likely to precipitate as metastable phases in, the host matrix. For each system, we compare the precipitate strengthening compounds selected by our search strategy with those already in literature, and find that the majority of the widely known precipitate strengthening systems are recovered by our screens. In addition to reproducing many of the best known precipitate strengtheners, we also suggest several new, currently unknown, promising precipitate/alloy systems for further experimental exploration: (a) for Co-based alloys, we find that Co 3 X (X = Nb, W, Ta, Pt, Si, Ge, Ga or combinations of them) are likely to form coherent L1 2 precipitates, (b) for Al-based alloys, we identify many Al 3 RE and Ga 3 RE compounds as new precipitate strengthening candidates, (c) for Mg-based alloys, we predict several Mg 3 X (X = late transition metals, post-transition metals) to form as D0 19 precipitates, (d) in α-Ti alloys, we expect the addition of Al, Ga, Zn, and/or Ge not only likely to form precipitates, but also have a good chance of appearing as prismatic plates, a morphology which is particularly effective at strengthening hcp metals, (e) for β-Ti, we identify many Mg 2 LiX and Sc 2 LiX (X = late transition metals Pd, Pt, Ir, Rh, Ag, Au), and several other chemistries to form L2 1 precipitates, and (f) for bcc Fe, we predict ∼31 reasonable candidate compounds in the L2 1 structure, all of which are promising precipitate strengtheners. Based on the good agreement with known precipitation strengthening alloy systems, we believe that the metrics used to screen for precipitates are well chosen, and have confidence that the phases recommended by our approach are strong candidates warranting further study.
